Western blot analysis was used to compare the herpes simplex virus (HSV)-2 antibody profiles of 40 infants < 2 wk of age who had been exposed to maternal genital HSV-2 at birth. 4 mothers were HSV seronegative at delivery and seroconverted to HSV-2 ("primary infection"), 9 had HSV-1 antibodies and seroconverted to HSV-2 ("nonprimary first episode infection "), and 27 were HSV-2 seropositive ("recurrent infection"). Neonatal herpes infections developed in 1 of4 infants of women with primary infection, in 3 of 9 infants of women with nonprimary first episode infection, and in none of the 27 infants of women with recurrent HSV-2. Antibodies to HSV-2 proteins gG-2, VP5, and ICP35 were detected in 83,89, and 72% of the 36 uninfected infants, respectively. None of the four infected infants had detectable antibodies to gG-2 and only one (25%) had antibodies to VP5 or ICP35. The more limited profiles of the 13 infants born to mothers with first episodes of HSV-2 were then analyzed separately; these profiles were similar among infected and uninfected infants except for gG-2, which elicits antibodies that are type specific for HSV-2. None of the infected infants versus seven of nine (78%) uninfected infants were gG-2 seropositive. These comparisons suggest that maternal type-specific antibodies may play a role in preventing neonatal infection after exposure to HSV-2. (J. Clin. Invest. 1992. 90:511-514.)
Introduction
Previous studies have shown an inverse correlation between titers of passively acquired maternal neutralizing antibody and acquisition of infection in the neonate (1) (2) (3) . High levels of acquired antibody have been associated with milder outcomes after neonatal infection in some cohorts ( 1, 4, 5) but not all (6) . In neonatal mice the presence of antibodies that mediate antibody-dependent cell cytotoxicity (ADCC)' and neutraliza-A portion of the data in this manuscript was presented at the XVI International Herpesvirus Workshop, 7-12 July 1991, Asilomar, CA, and appeared in abstract form (Abstract 7B-02).
1. Abbreviations used in this paper: ADCC, antibody-dependent cell cytotoxicity; HSV, herpes simplex virus. tion are associated with protection against viral challenge (7, 8) . Neutralizing antibody activity and ADCC activity are primarily directed against herpes simplex virus (HSV) glycoproteins (9) . The viral glycoprotein targets ofthese protective antibody activities are now being elucidated at the epitope level in the mouse model (10) .
In a recent prospective study, we showed that infants born to mothers with first episodes ofgenital HSV-2 had a markedly higher incidence of infection than those born to mothers with recurrent HSV-2 infections, suggesting that type-specific antibodies are particularly important in protecting the neonate after exposure ( 1) . Women who acquire HSV-2 close to term and who are seropositive for HSV-1 have an equal risk oftransmitting to their neonates as do seronegative mothers with primary HSV-2 infections at term ( 11 ). This finding suggests that passively transferred maternal HSV-l antibodies confer little protection against neonatal HSV-2 infection. Sullender and his colleagues ( 12) have reported a higher prevalence of antibody to one HSV-2 glycoprotein, gG-2, in healthy infants exposed to HSV-2 at birth than in infants infected at birth. The possible protective effect of passively transferred antibodies to other HSV-2 proteins remains unclear. Therefore, we used a sensitive Western blot method to describe the passively transferred antibody profiles of40 infants exposed to HSV-2 at birth. Nine major HSV-2 protein targets were identified in these profiles and the prevalence of antibodies to these proteins was compared between infected and uninfected infants as well as between infants whose mothers had first episode HSV-2 infections and those whose mothers had recurrent HSV-2 episodes at term.
Methods
Studypopulation. Infants exposed to HSV-2 at delivery were identified as part of a prospective study of all parturient women without clinical evidence of genital herpes who entered the University of Washington Medical Center or a private community hospital between 1982 and 1989 ( 1). Cervical and vulvar specimens were obtained for viral culture. Of 15,923 mothers with viral cultures who delivered live born infants within 48 h ofculture, 56 (0.35%) had HSV isolated from their genital tracts at entry into the delivery suite. 51 of the 56 had HSV-2 and 5 had HSV-l by monoclonal antibody subtyping ( 13 ) . All infants exposed to HSV were immediately recalled for viral cultures and serum collection. Of the 51 infants exposed to HSV-2, 40 had sera available for testing. Maternal serum was also drawn at 6 wk after delivery. Sera were coded and frozen at -20°C.
Neonatal HSV infection was defined as the isolation of HSV from the neonate after 24 
Results
Classification of maternal HSV-2 infections. All 40 mothers had HSV-2 isolated from genital secretions sampled in the 48 hours before delivery. Comparison of the HSV serologic profiles of the mother at the time of delivery and postpartum revealed seroconversion to HSV-2 in 13 and persistently stable HSV-2 antibodies in 27. 4 ofthe 13 women who seroconverted postpartum had either no HSV antibodies or evidence of early HSV-2 seroconversion ("primary infection"). Nine women had a full complement of HSV-I antibodies in their entry sera and seroconverted to HSV-2-("nonprimary first episode HSV-2"). One of the four infants born to a mother with primary HSV-2 subsequently developed neonatal herpes as did three of the nine infants born to mothers with nonprimary first episode HSV-2 infections. The remaining 27 mothers had HSV-2 antibodies on entry into the delivery room, shed HSV-2 at delivery, and had unchanged Western blot profiles at postnatal followup indicating they had reactivation of latent genital HSV-2 infections at term. None ofthe infants ofthese 27 mothers with recurrent HSV-2 episodes developed neonatal herpes.
Prevalence ofHSV-2 protein-specific antibodies in infants.
To evaluate the association between HSV-2 antibodies and disease acquisition, we analyzed the Western blot profiles from the first available infant sera. The time from delivery to collec- When the 13 infants born to mothers with first episode HSV-2 infections were analyzed, the incidence ofantibodies to VP5, gB, gC, gE, gI, VP16, gD, and ICP35 did not differ significantly between infected and uninfected infants (P 2 0.05) (Table I). However, infected infants had a significantly lower incidence ofantibodies to gG-2 (0 of 4 versus 7 of 9; P < 0.05). As expected, the 27 infants born to mothers with recurrent infection had a significantly higher prevalence of antibodies to VP5 (P < 0.0001), gG (P < 0.001), gC (P < 0.0005), gD (P = 0.05), and ICP35 (P < 0.0001) than did the 13 born to mothers who had first episode infection at term. Ofinterest, the incidence of antibodies to HSV-2 gB, gE, gI, and VP16 were not significantly different between infants born to mothers with recurrent or first episode HSV-2 infections (P > 0.05).
When the prevalence values of the 4 infected and 36 uninfected infants from the entire study population were compared, the most dramatic differences were seen in the prevalence of antibodies to gG-2, VP5, and ICP35. (Fig. 1 A) . The infected infant from this group had detectable antibodies against gB, gE, and gD ( Fig. 1 A, lane 1) . Two other infants born to mothers with primary infections had antibodies to gG-2, VP16, and gD ( Fig. 1 A, lanes 3 and 5) . The fourth infant had no detectable antibodies against HSV-2 proteins and remained uninfected. The HSV-2 antibody profiles of infants born to women with nonprimary first episodes had more bands than were seen with sera from infants born to mothers who had primary infections (Fig. 1 B) . Profiles from two of the three infected infants born to women with nonprimary first episodes of HSV-2 include antibodies to gB, VP 16, (lanes 7 and 8) and, in one case, several other viral proteins (lane 8). Neither had detectable antibody to gG-2. Profiles from two uninfected babies revealed antibodies to gB, gG-2, gE, and gD (lanes 9 and 10). Antibodies to other proteins such as VP5, VP 16, and ICP35 were present in some, but not all, sera (Fig. 1 B, lane 10 , and Table I ).
Antibody profiles in infants born to women with recurrent genital HSV-2 infections reflected the passive transfer of abundant antibodies to a large number of viral protein targets (Fig. I   C, lanes 11 and 12) . No differences in number of HSV-2 protein targets were observed in antibody profiles of infants with both HSV-1 and HSV-2 passive antibodies and infants with only HSV-2 antibodies (data not shown).
Discussion
Two aspects of this trial are unique: the ability to identify and test infants exposed to HSV-2 at birth and the ability to identify passive antibody to nine major HSV-2 immunogens in infants who did or did not develop HSV-2 infections after exposure. We used Western blot techniques to determine whether passive antibody profiles differed in the 4 infants who did and the 36 infants who did not develop herpes infections after exposure to HSV-2 at birth. We found that the prevalence of detectable antibody to most HSV-2 proteins was similar between infected and uninfected babies. However, antibodies to gG-2 were less likely to be detected in samples from the infected infants as compared with uninfected infants. Our previous studies of antibody responses in adults have shown that antibodies to gG-2, as detected by Western blot, do not arise as early during seroconversion as do antibodies to gB or gD (20) . Since all of the infected infants were born to mothers who were in the process of seroconverting to HSV-2, these infants would be less likely to have these "late" antibodies to gG-2. However, when infected (n = 4) versus uninfected (n = 9) infants of first episode, seroconverting mothers were compared, the marked difference in antibody prevalence to gG-2 remained (0% versus 78% for infected versus uninfected, respectively).
Detectable antibody to gG-2 was highly correlated with protection from developing infection after HSV-2 exposure. Of 13 infants whose mothers were seroconverting to HSV-2, seven had antibodies to gG-2; none became infected. Of the six infants who were seronegative for gG-2, four (67%) became infected while two (33%) remained uninfected. While it is possible that the six gG-2 seronegative infants may have had antibody levels too low for detection by our-Western blot assay, our data indicate a definite quantitative difference in the antibodies passively transferred to infected versus uninfected infants. Because IgG class antibody has a half-life of -21 d, it is unlikely that the apparent differences in gG-2 antibody prevalence were due to decay of maternal antibody. Our findings extend those of Sullender et al. using an enzyme immunoassay for gG-2 in which 30 of 34 (88%) infants exposed to HSV-2 at birth had gG-2 antibody and remained well while one infant who developed neonatal herpes lacked antibody to gG-2 (12) .
Protective factors other than detectable levels of passively transferred antibody to gG-2 were clearly operative for the two infants in our study and the four infants in Sullender's study who were gG-2 seronegative and uninfected. Human to mouse adoptive transfer studies have shown that protective immunity against HSV infection is a multifactorial system involving macrophages, CD-4 lymphocytes, lymphokines including IFNgamma and IL-2, and antibody (21 ) . The role of antibody in this model may be via an antibody-dependent cell cytotoxicity function (8) . High titers ofmaternally derived ADCC antibodies have been associated with protection in infants exposed to HSV at birth and to local versus disseminated infections in those infants who developed disease (22) . Antibodies to gG-2 have not been shown to have either neutralizing or ADCC activity in vitro.
It is possible that gG-2 antibodies have served in our Western blot system as markers ofmore subtle type-specific antibodies with neutralizing, ADCC, or other biologic functions directly involved in preventing infection. Both gB and gD, for example, have neutralizing and ADCC functions. Antibodies elicited by HSV-1 infections but directed against type-common epitopes make it difficult to detect type-specific seroconversion to HSV-2 gB and gD by Western blot (23) . In this study, for example, of nine infants born to HSV-1 seropositive mothers who were seroconverting to HSV-2, six (67%) had detectable antibody that reacted with HSV-2 gB and seven (78%) had antibody reactive with HSV-2 gD. These antibodies could be to either type-common epitopes or to type-specific epitopes; Western blot cannot discern antibodies to type-specific epitopes, nor can it detect antibodies to conformational epitopes that may have biologic significance. Clearly, the relative roles ofantibodies to type-specific or type-common epitopes of gG-2, gB, gD, or other HSV-2 proteins will be determined only with assays based on type-specific epitopes from individual proteins.
While evidence from animal models confirms the protective effect of passively transferred antibodies to individual proteins ( 10), the protective effect depends upon the dose ofchallenge virus and the relative competence of other arms of the immune system. The absence of maternally derived antibody to gG-2 may define a group ofinfants at higher risk ofinfection after HSV-2 exposure. Yet there is no evidence that antibodies to gG-2 alone prevent infection. Maternal virus titer, length of time of virus exposure, and the presence of genital mucosal antibodies to HSV (24) , are other factors which may affect transmission. The role of serum antibody in preventing infection in the human neonate remains an important question because antiviral therapy has not been completely effective in preventing morbidity and mortality of symptomatic herpes infections in the neonate. Immunoprophylaxis regimens are an appealing potential option for exposed neonates. Our work suggests that antibodies to type-specific epitopes (which predominate on gG-2) may be of particular value in immunoprophylaxis. Identification of other protein-and epitope-specific antibodies that block transmission is necessary to combine optimal antibody components for protective passive immunization.
